Real-time assessment of excised tissue may help to improve surgical results in breast tumor surgeries. Here, as a step towards this purpose, the potential of second and third harmonic generation (SHG, THG) microscopy is explored. SHG and THG are nonlinear optical microscopic techniques that do not require labeling of tissue to generate 3D images with intrinsic depthsectioning at sub-cellular resolution. Until now, this technique had been applied on fixated breast tissue or to visualize the stroma only, whereas most tumors start in the lobules and ducts. Here, SHG/THG images of freshly excised unprocessed healthy human tissue are shown to reveal key breast components-lobules, ducts, fat tissue, connective tissue and blood vessels, in good agreement with hematoxylin and eosin histology. DNA staining of fresh unprocessed mouse breast tissue was performed to aid in the identification of cell nuclei in label-free THG images. Furthermore, 2-and 3-photon excited autofluorescence images of mouse and human tissue are collected for comparison. The SHG/THG imaging modalities generate high quality images of freshly excised tissue in less than a minute with an information content comparable to that of the gold standard, histopathology. Therefore, SHG/THG microscopy is a promising tool for real-time assessment of excised tissue during surgery. For cancer instant pathology it is important to visualize the full morphology of healthy and diseased tissue. Relevant histopathological features include cell and nuclear pleomorphism, nuclear-to-cytoplasmic ratio, growth pattern of the cells and fibrosis [1] [2] [3] [4] . Breast tissue is composed of glandular tissue (lobules and ducts) and stroma (mainly white fat and fibrous tissue). Most breast cancers are carcinomas, a type of cancer that is derived from epithelial cells, cells that align the ducts and lobules, that is, within the glandular tissue [5] . In the breast stroma, information on the collagen orientation and distribution can be helpful for breast tumor diagnosis [6] [7] [8] , but clearly it is important to be able to identify cellular features in the lobules and ducts. The gold standard for diagnosis, histopathology, involves formalinfixation, paraffin-embedding, slicing and hematoxylin and eosin (H&E) staining of the tissue [9] . However, this process is time-consuming and makes intra-operative feedback to the surgeon during surgery difficult. Therefore, developing a high quality, real-time and label-free method to visualize the morphology of key tissue components is of great significance for the diagnosis and investigation of breast cancer.
A novel imaging technique that meets these requirements is higher harmonic generation microscopy (HHGM). This technique is label-free and provides 3D images with a high, sub-cellular resolution within seconds [10] . HHGM requires no external contrast agents and reveals tissue contrast provided by interfaces and inhomogeneities, and noncentrosymmetric molecular structures via generation of respectively third [11] [12] [13] [14] [15] [16] [17] [18] [19] and second [20] [21] [22] [23] [24] [25] optical harmonics of the incident light (third and second harmonic generation [THG and SHG]). HHGM has been applied to several biological tissues, such as zebrafish embryos [26] [27] [28] , vocal folds [29] , retina [30, 31] , oral mucosa [32, 33] , bone [34, 35] , fat tissue [36] , skin tissue [37] [38] [39] [40] [41] [42] [43] and brain tissue [10, [44] [45] [46] . HHGM has been used to identify erythrocytes [16, [47] [48] [49] , and several types of leukocytes [50] [51] [52] [53] . HHGM has been suggested as a promising clinical tool, for example for atherosclerosis diagnosis [54] and atopic dermatitis [40] , but mainly for cancer diagnosis [10, 37-39, 42, 43, 55-59] . In particular, we showed that with SHG/THG images of tissue from glioma patients, we could successfully discriminate normal and malignant tissue, based on the classical histopathological hallmarks such as increased cellularity and nuclear pleomorphism [10] . For the assessment of breast cancer alternative optical techniques have been investigated, such as Raman spectroscopy and microscopy, which provide molecular information. Using the spectral information cancerous breast tissue can be distinguished from normal and benign tissue, both ex-vivo [60] [61] [62] [63] [64] [65] and in-vivo [66] . Studies using SHG/THG microscopy to image breast tissue have also shown very promising results, but were applied on stained and fixated breast tissue [59] , unstained but fixated breast biopsies [67] or breast cell lines [57, 68] . Tu et al [69, 70] applied label-free multimodal multi-photon microscopy (including SHG/THG microscopy) to unprocessed breast tissue to visualize the microenvironment of mammary tumors induced in rats, and to visualize extra-cellular vesicles in the stroma tissue of a human tumor specimen. The ability of SHG/THG microscopy to visualize the morphology of key structural components such as the lobules and ducts of fresh unprocessed healthy breast tissue has until now not been demonstrated.
Here, we applied SHG/THG microscopy to fresh unprocessed healthy human tissue and compared with the gold standard histological images to identify the observed structures. In addition, we performed a DNA staining experiment on mouse breast tissue to identify cell nuclei in the label-free THG images. Furthermore, we compared SHG/THG images with 2-photon (2PF), and 3-photon (3PF) excited autofluorescence (3PF) images to determine the most information-rich imaging modality.
| MATERIALS AND METHODS

| Ethics statement
All experimental procedures on mouse breast tissues were carried out in accordance with the European Council Directive (2010/63/EU) by permission of the Animal Research Law of the Netherlands. All procedures on human breast tissue were performed with the approval of the Biobank Pathology Unit of the Amsterdam Universitair Medische Centra (Amsterdam UMC) and in accordance with Dutch license procedures and the declaration of Helsinki. All patients undergoing surgery gave a written informed consent to use their biopsy specimens in scientific research.
| Sample preparation
Healthy human breast samples were obtained from two patients with breast carcinoma undergoing breast mastectomy surgery in the Amsterdam UMC. The resected breast tissues were transported in a standard pathology transport container to the pathology department of Amsterdam UMC. There, a small piece of the tissue (maximum 1 × 1 × 1 cm 3 ) was cut, far enough away from the tumor, which was immediately transported in phosphate-buffered saline (PBS) to the laboratory.
Ten mouse breast tissue samples were excised from leftover female wild type mice provided by Neuroscience Amsterdam (CNCR, VU Amsterdam, Amsterdam, The Netherlands). Two mice were not pregnant and 2 months old when sacrificed. It was difficult to find fully developed lobules in those mouse breast samples, and therefore also breast samples of eight mice that were 18 days pregnant when sacrificed were imaged. The samples were rinsed with PBS solution to remove blood and hairs and were cut in samples of maximum 1 × 1 cm 2 with varying thicknesses in the order of 0.2 cm.
Mouse and human tissue samples were placed in a plastic Petri Dish (diameter 50 mm) that was filled with agar, covered with PBS and flattened with a 0.17 mm thick glass cover slip (diameter 25 mm, Menzel-Gläser, Braunschweig, Germany) ( Figure 1C ), and were imaged without further processing.
After imaging with the multi-photon microscope, the human breast tissue samples were fixated in 4% formaldehyde, taken back to the pathology department (Amsterdam UMC), and subjected to the standard processing procedure, resulting in 3 μm thick H&E stained and unstained slices. The H&E stained slices were imaged using a Leica DM4000B microscope equipped with a Leica DC500 digital camera. IM50 imaging software was used to record and store low-and high-magnification images, which were processed with "ImageJ" software (ver. 1.51d; National Institute of Health (NIH), Bethesda, Maryland). The unstained slices were again imaged with SHG/THG microscopy, to determine whether there are any differences with the fresh tissue. This might be of relevance for analysis without the risk of tissue disintegration with time.
DNA staining on the healthy fresh mouse breast tissue was performed with the dye Hoechst-33342 (NucBlue Live ReadyProbes Reagent R37605, Life Technologies Europe B.V., Bleiswijk, The Netherlands), which is a cell-permeable nuclear counterstain for live and fixed cells and tissue sections and used for both two-photon and three-photon fluorescence imaging [71] [72] [73] . Mouse breast tissue was placed in a Petri Dish with 3 mL PBS and 15 droplets dye at 20 C and incubated for 30 minutes. Thereafter, the sample was rinsed with PBS, embedded in agar and placed under the microscope.
| Image acquisition
For the HHGM imaging we used a modified commercial setup described before ( Figure 1A ) [10, 46] . In brief, HHGM images were generated using a commercial two-photon laser-scanning microscope (TriMScope I; LaVision BioTec GmbH, Bielefeld, Germany). The light source was an optical parametric oscillator (Mira-OPO, APE, Berlin, Germany), which generated 200 fs pulses at 1200 nm with linear polarization and repetition rate of 80 MHz. The OPO was pumped at 810 nm by a Ti-sapphire oscillator (Coherent Chameleon Ultra II Coherent Inc., Santa Clara, California).
The laser beam was focused onto the sample using a waterdipping objective (25×/1.10, Nikon APO long working distance, Nikon Instruments Europe B.V., Amsterdam, The Netherlands), which provided a lateral resolution of 0.5 μm in the THG images. The average power of the laser at the sample was approximately 100 mW. The signals generated by the sample were detected in epi-direction with two high-sensitivity GaAsP photomultiplier tubes (PMT, Hamamatsu H7422-40, Hamamatsu Photonics K.K., Shizuoka, Japan), as a function of position of the focus in the sample. The generated signals were filtered from the incoming laser beam using a dichroic mirror (Chroma T800LPXRXT, Chroma Technology Corp, Bellows Falls, Vermont), split into two channels by a second dichroic mirror (Chroma T425LPXR), and filtered by narrow-band interference filters ( Figure 1B) for the detection of THG (400 ± 5 nm, Chroma Z400/10×) and SHG (600 ± 5 nm, Chroma D600/10×). For acquisition of multi-photon auto-fluorescence images, the SHG filter was interchanged with a filter for the FIGURE 1 HHG microscopy for breast tissue imaging. A, Multi-photon microscope setup: A laser source produces pulses of 200 fs at 1200 nm. The laser beam passes a pair of galvo-scanner mirrors (GM), scan lens (SL), tube lens (TL) and is focused into the sample with a microscope objective (MO). The first dichroic mirror reflects backscattered HHG signals, and a second one splits them into a first channel (THG) and a second (SHG/2PF/3PF) channel. The signals are filtered by interference filters (F) and focused on the photomultiplier tube detectors (PMT) with lenses (FL). Sample can be moved with a motorized translation stage (TS). B, The light spectrum of the incoming laser beam and generated signals by the tissue, and types of filters used (indicated with black lines) to detect these signals. C, Photograph of a breast sample embedded in agar under a 0.17 mm glass cover slip in the middle of a plastic disk and the microscope objective on top detection of 3PF (500 ± 70 nm, HQ500/140M) or 2PF (615-800 nm, ET615LP) signals. For the DNA staining experiment the SHG filter was replaced by an appropriate 3PF filter (450 ± 25 nm, ET450/50M).
Single images were made by transversely scanning of the laser beam over the sample using a pair of galvo-scanner mirrors. Mosaic imaging was performed by transverse (xy) scanning of the sample with a motorized translation stage. The intrinsically confocal properties of HHGM provide direct depth sectioning. Full 3D images were obtained by moving the microscope objective in vertical (z) direction with a stepper motor.
The higher harmonic generation (HHG) images were acquired using the TriMScope I software ("Imspector Pro"), stored in 16-bit tiff format, and processed and analyzed with "ImageJ" software (ver. 1.51d, NIH, Bethesda, Maryland). Logarithmic contrast enhancement was used to better visualize the weaker generated signals. 2D images are made within seconds and 3D scans within minutes. An overview of the image dimensions and acquisitions time for each figure can be found in Table S1 , Supporting Information in the supplementary information.
| RESULTS
In all images in this manuscript THG signals are depicted in green and SHG signals in red, resulting in a yellow color where they overlap. THG is an interface sensitive technique, based on spatial variations in the third-order non-linear susceptibility, refractive index and dispersion intrinsic to the tissue [14] . Examples of THG sources are lipid-water and protein fibers-water interfaces. SHG is a non-linear optical process including generating signals by non-centrosymmetric molecular structures, such as structural protein arrays. Example of SHG sources are microtubule arrays and collagen fibers [21] .
3.1 | HHG imaging of human breast structures compared to standard histology Figure 2 shows SHG/THG images of various healthy human breast structures: lobules (A,B), ducts (C,D), connective tissue (E), fat tissue (F) and blood vessels (G,H). After SHG/THG imaging the tissue was fixated, sliced and stained with H&E to compare with the gold standard of histopathology. Figure 2 shows also these H&E stained images. Video S1 to S3 in the supplementary information show SHG/THG 3D depth scans of the areas corresponding to Figures 2A,D ,H, and Figure 3 shows their orthogonal views. There were no relevant differences in THG/SHG results between the imaged human samples.
A lobule consists of alveoli, both alveoli and ducts consist of epithelial cell layers surrounded by a basement membrane [2] . All these components are visible in the HHG images of the lobules (Figure 2A,B) and ducts ( Figure 2C,  D) . Epithelial cells are visualized by granular structures in the cytoplasm, with an apparent black hole at the position of the nucleus (indicated with arrows). Also, the luminal substance between the cells is visible (indicated with stars). Both each alveolus ( Figure 2B ) and the whole lobule (Figure 2A ) are surrounded by SHG signals generated by collagen. Also in ducts the epithelial cells and luminal substance are visible, surrounded by collagen. The 3D depth scan of 130 μm deep (shown in Video S1) shows that the duct in Figure 2C is located underneath the alveoli in Figure 2A . This is also clearly visible in the orthogonal views ( Figure 3A) .
The breast stroma, supporting the lobules and ducts, consists mainly of fibrous (collagen and elastin) tissue and fat cells. The collagen (SHG and THG) and elastin (THG) bundles are clearly visible in the HHGM image ( Figure 2E) . Also, fat cells were easily identified with THG microscopy, because strong THG signals generated by the lipid-water interface revealed their cellular contours ( Figure 2F ).
Breast stroma also contains blood vessels, which were easily identified in the HHGM images ( Figure 2G ,H) as hollow tubes surrounded by collagen and elastin fiber containing erythrocytes. In these examples, it is difficult to distinguish stroma from vessel wall. The endothelial cells that line the inside of the vessel wall and erythrocytes at the bottom of the vessel generate THG signals ( Figure 2G ,H, Video S3 and orthogonal views in Figure 3C ). All SHG/THG images of the breast structures show good agreement with the H&E stained images. Because of the distortion of tissue in the fixation process, one-to-one comparison was not directly possible, though every component could still be identified in the H&E images.
The 3 μm fixated and embedded, but not H&E stained, slices were also imaged with THG/SHG microscopy, and showed similar results compared to the fresh tissue ( Figure S1) , except that the SHG and THG signals were better separated, and produced less of the "yellow" overlap signal. Possibly, because the fixation and/or embedding processes have changed some of the (optical) properties of the tissue. Most likely, an increase in the relative THG signal from inside the duct, necessitated a downscaling of the THG signal relative to the SHG signal in Figure S1B ,E. The increase in THG signal might also be due to change of interface properties-we filled the sample voids or substituted water-filled areas with paraffin, which has a high index of refraction (1.45).
| DNA staining of mouse breast tissue
To investigate if the black holes in the epithelial cells are indeed nuclei (Figure 2A-D) we performed a DNA staining experiment on mouse breast tissue and co-recorded SHG/THG signals with 3-photon excited fluorescence signals (3PF) from the Hoechst DNA staining dye. Figure 4 shows a lobule, two ducts and a blood vessel aligned with a peripheral nerve. From these images one can see that the alveoli and ducts contain a lot of cells and that indeed the DNA is co-localized with the black holes in the SHG/THG images, which can therefore be identified as the cell nuclei ( Figure 4A-L) . Similar to the human breast tissue, epithelial cells inside the mouse alveoli and ducts were visualized with THG microscopy as granular spheres surrounding a THG silent nucleus. In Figure 4E the epithelial cells are less granular.
The blood vessel contains endothelial cells, clearly visible at the inside of the wall as flattened cells, with the nucleus, as indicated by the 3PF signal, in the thicker part of the cell (Figure 4M-P) . For these cells the structures within the nuclei or the nuclear membrane did produce signals detected in the THG channel, instead of being silent. 3PF signals were also visualized in the breast stroma, most likely from the nuclei of fibroblasts or macrophages ( Figure 4B,F) .
The ducts were from non-pregnant mice, while the lobule was from an 18-day pregnant mouse. In contrast to the non-pregnant mice and human breast tissues, the tissue from the pregnant, and therefore lactating, mouse also contained little fat cells in the alveoli visible as small round circles, which do not contain DNA (indicated with arrows). Furthermore, the mouse breast stroma (from both pregnant and nonpregnant mice) consists primarily of fat cells [74] , of which the cellular contours were clearly visible around the ducts by the generated THG signals (Figure 4A,E) .
| Imaging breast structures with different imaging modalities
In addition to THG and SHG signals, the breast tissue also generated auto-fluorescent signals. We compared the different imaging modalities by collecting emission at 500 and 615 nm through broad band interference filters, to detect 3-photon excited fluorescence (3PF, 500 ± 70 nm) and 2-photon excited fluorescence (2PF, 615-800 nm) respectively, using an excitation wavelength of 1200 nm. Figure 5 compares several breast structures imaged with THG, SHG, 3PF and 2PF microscopy.
As described in the previous sections, THG signals are generated on interfaces, revealing fat cells, epithelial cells including their cell nuclei, elastin fibers, endothelial cells and erythrocytes, while SHG signals are generated by connective tissue, mostly by collagen fibers in the stroma, and surrounding alveoli, ducts and blood vessels. The interfaces of the elastin layer in the blood vessel wall (generating THG signals) is here clearly visible as a stripe aligned with the blood vessel ( Figure 5DI ). Another component of the breast stroma that we did not describe before are peripheral nerves ( Figure 5E ). Nerves contain axons, of which the myelin sheets generate strong THG signals, and which are aligned by connective tissue (including collagen) generating SHG signals.
Collagen and elastin are also intrinsic fluorophores that generate 2PF signals and weaker 3PF signals. Compared to SHG, the 3PF and 2PF signals were weaker and no fibers could be distinguished. 3PF signals were mostly generated inside fat cells (in stroma and the small cells inside pregnant mouse alveoli), by the blood vessel wall (including elastin), and surrounding the nerves. 2PF signals were generated on and nearby the edge of fat cells, at the boundaries and inside blood vessels and nerves, and inside alveoli, except for the little fat cells and cell nuclei, probably generated by cell cytoplasm. Compared to THG and SHG microscopy, multiphoton auto-fluorescent signals were less specific and tissue boundaries were less well revealed.
| DISCUSSION AND CONCLUSION
We investigated which pathological relevant tissue components can be visualized by SHG/THG microscopy in human and mouse breast tissue by imaging fresh unprocessed healthy breast samples and comparing the resulting images with the histological images. Our experiments show that HHG microscopy can identify microscopic breast structures without the need of processing the tissue (no labeling and fixation) within a short time span of a few minutes. Lobules, including alveoli with cells and cell nuclei, ducts, connective tissue, fat tissue, blood vessels and nerves were identified, comparable to the structures that are seen in microscopic images of H&E stained slices, the gold standard.
Ductular structures in mouse and human breasts were the most difficult structures to identify, because in some cases the ducts were completely filled with cells and therefore might be mistaken for invasive tumor. Furthermore, alveoli and ducts were sometimes hard to distinguish. This also holds for H&E slides, because alveoli and ducts have the generated by interfaces in the tissue, which reveal fat cells, epithelial cells, elastin and axons. SHG signals are generated mostly by collagen. Because the tissue is not stained the 3PF and 2PF signals are generated by auto-fluorescence molecules same cellular composition, and therefore are very similar in 2D images. The advantage of HHG microscopy is that it can provide 3D information because of optical sectioning, making it easier to determine whether the structure is a tube, hence a duct, or a cluster of cells, hence an alveolus.
For the diagnosis of breast cancer the morphology of the cells especially in lobules and ducts is important, because histological features that the pathologist looks at include abnormal cellularity, nuclear-to-cytoplasmic ratio, nuclear pleomorphism and the growth pattern of cells [1] [2] [3] [4] . The HHG images show important details of the healthy equivalents of these breast structures, the epithelial cells including their cell nuclei inside lobules and ducts. The DNA staining experiment showed that epithelial cells in alveoli and ducts are visualized in the THG images by bright granular spheres around a THG-silent cell nucleus. In contrast, the nuclear structures of endothelial cells in blood vessels did generate THG signals. In previous work on the brain, we also showed that in some cells the nucleus generates a brighter THG signal than in other cells (neurons, glial cells, tumor cells), whereas sometimes only the nucleus boundary is visible [10, 75] . Factors that may influence the THG generated within the nucleus may be chromatin condensation in the cell nucleus or the environment of the cell, because THG microscopy is an interface sensitive technique [14] . Epithelial cells in mammary glands store fat and may contain other substances in the cytoplasm in the form of granules, which explains the THG-bright granular spheres.
In this paper we demonstrated that THG microscopy reveals the morphology of the key structural components, lobules and ducts, and their corresponding cells and cell nuclei, in healthy breast tissue. The next step will be to determine whether this morphological information revealed with SHG/THG microscopy will contribute to distinguishing normal from cancerous breast tissue, by investigating tumor tissue. We expect that areas of high cell density and pathological cell morphology will be recognizable like we demonstrated for brain tumors [10, 75] . Furthermore, the increased vascularity, typical for tumor areas should be easily identifiable from the well-resolved blood vessels in the SHG/THG images. Part of these components is visualized with THG and others with SHG. Therefore, the combination of these two imaging modalities provides an optimal information density.
Compared to the multi-photon auto-fluorescent signals, THG and SHG microscopy were more specific and tissue boundaries were better revealed. Other studies explored the auto-fluorescence signals from fresh breast tissue, using shorter excitation wavelengths (740-880 nm) [76] [77] [78] [79] . They showed that epithelial cells are clearly visualized by the 2PF signals from nicotinamide adenine dinucleotide hydrogen (NADH) and flavin adenine dinucleotide (FAD) fluorescence, with the non-autofluorescent nuclei appearing as black holes. We expected to also observe NADH and FAD auto-fluorescence signals (maximum λ ex /λ em 350/450 nm and 450/535 nm respectively) as 3PF signals, with our excitation wavelength of 1200 nm. Possibly, this may have been observed in the 3PF image of the lobule ( Figure 5CIII ), but not in the duct ( Figure 5BIII ). This might be due to the fact that the 3PF are weaker because it involves a three-photon process instead of a two-photon process. However, excitation at 1200 nm is preferred in a clinical setting, because of the deeper penetration depth, which enables imaging more cell layers below the cutting surface, eliminating the need to create a laborious smooth surface.
In this paper we demonstrated that HHG microscopy has the ability to reveal the morphology of key structural components of the breast, without any processing of the tissue involved, by generation high quality images in 3D, within a few minutes, or 2D within approximately 10 seconds, with sub-cellular resolution. This makes HHG microscopy a promising technique for application during breast surgery, either ex-vivo or in-situ. Ex-vivo tissue analysis within the operating room can be achieved by developing transportable, ex-vivo SHG/THG microscopes. Indeed, such devices start to appear on the market. Our next step is to apply such a machine in an operating room, in close collaboration with the surgeons and pathologists. Decision making will be greatly aided by automated image analysis [80, 81] , initially to be offset against the diagnosis made by pathologists. Furthermore, in our and other labs, micro-endoscopes are in development [82] [83] [84] to enable in-situ multi-photon imaging, including SHG/THG, and aid a surgeon in determining which tissue to excise. In future, SHG/THG in-situ and ex-vivo analysis may well be valuable additions to the medical imaging instrumentarium of the surgeon. ORCID Laura M.G. van Huizen https://orcid.org/0000-0002-4707-2410
